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Abstract. Sodium manganese oxide (NaxMnO2) has attracted much attention as cathode materials for alkaline ion
battery due to the ability of the fast charge and discharge of Na+, in particular in nanoscale. We report on the synthesis
of NaxMnO2 nanowires via hydrothermal synthesis route from Mn2O3 and NaOH solution. The morphological obser-
vation indicates that the obtained Na0.44MnO2nanowires with diameters of about 20 nm -30 nm, length up to several
micrometers were formed by this process. The electrochemical properties of fabricated materials were investigated by
means of cyclic voltammetry technique and show that sodium manganese oxide (NaxMnO2) is a promising material
used for the alkaline ion battery.
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I. INTRODUCTION
In recent years, electrode materials for ion batteries are of importance due to their basic
ingredients for fabrication of ion rechargeable battery. The ion rechargeable batteries are used for
portable electronics, electric vehicles and storage devices and are an important component of the
green energy systems including wind, solar and hydrogen energy. It is well-known that lithium
ion batteries can be used for electric vehicles owing to their advantages such as large energy
density. Most popular electrode materials that are currently used are lithium ion storage materials
as LixMO2 where M is the transition metal. Among them, LiMn2O4 materials are considered to
have many advantages such as cost-effective, eco-friendly and no gas releasing during operating
in the electrolyte. However, the limitation of lithium as well as the difficulty in making large scale
batteries makes it expensive for mass production. Aqueous rechargeable Na-ion batteries appear
c©2014 Vietnam Academy of Science and Technology
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to be an attractive alternative to their lithium counterparts for electric energy storage, because of
its abundant and low cost of sodium resources. High power rechargeable Na-ion batteries have
attracted considerable interest recently, because the electric/hybrid vehicles require low cost and
high power auxiliary power units. The use of abundant Na in the mobile charge could reduce the
cost, while the Na-ion diffusion in the solid electrode, which is generally faster than the Li-ion
diffusion, should enable higher power to output than that of the Li-ion rechargeable batteries [5].
There are three Na-ion transfer processes in the Na-ion battery: i) the Na-ion conduction in the
liquid electrolyte, ii) the Na-ion transfer at the electrolyte electrode interface, and iii) the Na-ion
diffusion in the solid electrode. In particular, the slow ionic diffusion in the solid electrode should
be the rate limiting step when the Na-ion battery is charged/discharge at the high rate. Therefore,
in order to achieve the high power Na-ion batteries, nanostructuring of the electrode materials is
indispensable, which can reduce the Na-ion diffusion length and increase the surface area [9].
Similar to the case of lithium ion, metal oxides, metal fluoride and compounds of poly anion
usually are capable of storing and exchanging Na-ion [2,3,6]. Among them, Na0.44MnO2 has been
known as the cathode material for the Na-ion battery. A tunnel structure in Na0.44MnO2 exhibits
the reversible Na-ion insertion/extraction reaction. For example, rod-like Na0.44MnO2 synthesized
from the solid state reaction was reported to show the reversible capacity of 140 mAh/g at 3.5 V-
2.0 V vs. Na/Na+ [4]. It is higher than that of LiMn2O4 (120 mA/g) [5].
In this paper, we present the results on the synthesis and characterization of Na0.44MnO2
nanowires. The nanowires were fabricated by a hydrothermal method from Mn2O3 and NaOH so-
lution. The crystal structure was investigated by using an X-ray diffractometer (D-5000 SIEMEN).
The surface morphology of the samples was investigated by using a “Hitachi” field emission scan-
ning electron microscope (HITACHI S-4800). In electrochemical studies, a three-electrode cell
was used. The cell is composed of Na0.44MnO2 used as a cathode electrode and a platinum an-
ode electrode separated by an electrolyte containing Na2SO4 1M. The electrochemical properties
of fabricated materials were measured on an Auto-Lab Potentionstat PGS-30. In addition, the
electrochemical properties were also investigated by cyclic voltammetry technique in the potential
range of -1.0 V and 1.5 V. The results show that sodium manganese oxide (NaxMnO2) is promising
material in the field of research and fabrication of alkaline ion battery.
II. EXPERIMENTAL SETUP
Na0.44MnO2 nanowires were fabricated by a hydrothermal method from Mn2O3 and NaOH
solution. First, 0.2 g Mn2O3 was mixed in 80 ml solution of 5M NaOH, the mixture is then poured
into a stainless steel autoclave (Teflon apparatus).The hydrothermal autoclave was placed in an
oven, heated to 205˚C and maintained at that temperature for 46 hours and 96 hours. After hy-
drothermal process, Na0.44MnO2 was separated from the solution and washed several times with
deionizer water and then dried at 120˚C in vacuum. For studying the influence of recrystallization
on the electrochemical properties, the material is then annealed at 600˚C for 2 hours. Electro-
chemical properties of the material were examined by cyclic voltammetry using Auto Lab. PSG
30 system in a cell with 3 electrodes. The Na0.44MnO2 electrode was fabricated by spread method.
Na0.44MnO2 powder was mixed with 15% CMC binder to form a paste. After that, the paste was
spread onto copper foil and then dried in vacuum at 150˚C. The finished products were cut into
equal parts with an area of approximately 1 cm2 to make electrodes. The electrodes were used
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as cathodes in the electrochemical measurements. Electrolyte solution was 1M Na2SO4. Counter
electrode was Pt grid and AgCl electrode was a reference electrode.
III. RESULTS AND DISCUSSION
Fig. 1 shows X-ray diffraction patterns of NaxMnO2 after hydrothermal synthesis at 205˚C
for two different growing times of 48 hours and 96 hours. A part of the sample after hydrother-
mal synthesis in 96 hours was annealed at 600˚ C for 2 hours. The results showed that for 48
hours hydrothermal samples, there is only received Na0.55MnO2; MnOH phase and Mn2O3 stay
unreacted (Fig. 1.a). For hydrothermal samples in 96 hours, there is a phase of Na0.44MnO2,
besides the very small portion of the oxide Mn2O3 (Fig. 1.b). Fig. 1.c shows the XRD pattern
of the sample annealed at 600˚C for two hours. The diffraction peaks at 2θ values of approxi-
mately 13.91˚, 16.61˚, 19.43˚, 32.52˚, 34.69˚, 35.89˚, 37.47˚, 49.15˚ and 51.49˚ correspond to
the (130), (140), (200), (340), (350), (360), (201), (2130), and (2101) planes of the orthorhombic
structure of Na0.44MnO2. (JCPDS card No. 27-0750) [5]. The lattice parameters a= 0.910 nm,
b = 2.632 nm and c= 0.282 nm were calculated from the peak positions (200), (350) and (201)
by using the equation [7]:
1
d2hkl
=
h2
a2
+
k2
b2
+ l
2
c2 where d is the measured space of (hkl) planes,
which is determined by Bragg’s law. (hkl) are the Miller’s indexes of crystalline plane relevant
to the measured d-spacing. a,band c are the lattice parameters of a orthorhombic structure. The
changes in structure of the materials obtained via hydrothermal process lasted for 48 hours and
96 hours indicate that the formation of Na0.44MnO2 consists of two stages, similar to the results
presented in Ref. [1]. Firstly, the reaction of sodium hydroxide with Mn2O3 oxides occurred to
create Na0.55MnO2 (birnessite) with lamellar structure. Prolonged hydrothermal time, the material
layer continues to grow and divide into nanowires Na0.44MnO2. When the time of hydrothermal
process increases to 96 hours, the materials completely transform to Na0.44MnO2 phase.
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gliding of oxygen planes [8]. The exact formation mechanism of Na0.44MnO2  is unknown but could be 
assigned to the high temperature diffusion of the sodium ions/atoms into a manganese oxide network 
followed by the recrystallization and grain growth step [1]. Morphology of the fabricated samples is 
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Fig. 2. SEM images of NaxMnO2 prepared via a hydrothermal method for 48 hours. 
 Fig. 2 shows a typical FE-SEM image of NaxMnO2 samples with a hydrothermal time of 48 hours. 
The sample is composed of various structures with different morphologies, including particles and 
bundles of wires with length up to 15 µm. The materials are considered as the residual Mn2O3 with a size 
Fig. 1. XRD pattern of NaxMnO2 prepared via a thermal method at 200˚ C for 48 hours
(a), for 96 ours (b), and for 96 hours then re-annealed at 600˚ C for 2 hours (c).
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The phase changes in NaxMnO2 can be due to Na-vacancy ordering or transitions that
involve the gliding of oxygen planes .[8]. The exact formation mechanism of Na0.44MnO2 is
unknown but could be assigned to the high temperature diffusion of the sodium ions/atoms into a
manganese oxide network followed by the recrystallization and grain growth step [1]. Morphology
of the fabricated samples is presented in Fig. 2.
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Fig. 2. SEM images of NaxMnO2 prepared via a hydrothermal method for 48 hours.
Fig. 2 shows a typical FE-SEM image of NaxMnO2 samples with a hydrothermal time of
48 hours. The sample is composed of various structures with different morphologies, including
particles and bundles of wires with length up to 15 µm. The materials are considered as the
residual Mn2O3 with a size of 100 nm - 200 nm and birnessite Na0.55MnO2 particles with a size
of several micrometers. It can be inferred from XRD results presented in Fig.1, the multi-phase
materials exist in which Mn2O3 and Na0.55MnO2 dominate. The morphology of 96 hours hy-
drothermal samples is presented in Fig.3 showing that the materials display a nanorod structure
with the length of few hundred nanometers to several micrometers. At the better magnification
(Fig. 3.b), the nanorods consist of numerous combined small bars with diameters of about 20
nm ∼ 30 nm. This again shows that Na0.44MnO2 nanorods formed in hydrothermal reaction are
mainly separated from the intermediate birnessite Na0.55MnO2 materials [10]. After hydrothermal
time was prolonged to 96 hours, Na0.44MnO2 was formed. The materials have nanorod structure
with diameters in the range of 20 nm ÷ 30 nm and lengths of up to several micrometers.
Electrochemical properties of Na0.44MnO2 materials were investigated by cyclic voltamme-
try technique (C-V) in an electrolyte solution with potential in range of -1.0 V÷1.5 V. Fig.4 shows
the C-V curves of Na0.44MnO2 electrodes after a hydrothermal process and after re-annealing at
600˚ C for 2 hours. Both C-V curves in Fig. 4.a and Fig. 4.b clearly show separated sharp
reduction-oxidation peaks corresponding to the insertion/extraction of Na+ions. The process may
be illustrated by the following reaction:
Na0.44MnO2 ↔ Na0.44−xMnO2 + xNa++ xe−
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Fig. 4. C-V curves of Na0.44MnO2 electrodes after hydrothermal reaction (a), and after
re-annealing at 600˚ C for 2 hours (b).
This result shows that the electrodes have a good Na-ion exchange capacity and the process
is completely reversible. From Fig. 4.a, it is clear that C-V curves show one peak of oxidation
corresponding to one peak of reduction in the samples without annealing. Voltage of oxidation
peak and reduction peak change clearly when scan rate changes from 2 mV/s to 20 mV/s. The
position of oxidation peak increases from 1 V to 1.4 V and the position of reduction peak decreases
from -0.08 V to -0.4 V. Fig.4.b shows the C-V curves of the samples annealed at 600˚ C, the redox
peaks are separated into different peaks. The position of the peaks hardly change when scan rate
changes. The maximum position of oxidation and reduction peaks located at 0.38 V and -0.04 V,
respectively. For the annealed sample, the distance between oxidation peak and reduction peak is
about ∼0.42 V, whereas in the case of the samples without annealing, this value turns out to be ∼
1.8 V, by far greater than that of annealed samples. It is clear evidence that the samples annealed
at 600 ˚ C provide a significantly improved exchange rate of the Na-ion in the reduction-oxidation
reactions.
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IV. CONCLUSIONS
Na0.44MnO2 nanowires with diameters in the range of 20 nm ∼ 30 nm and lengths of up to
several micrometers have been fabricated by the hydrothermal method from Mn2O3 and NaOH so-
lutions. Hydrothermal synthesis to form Na0.44MnO2 consists of two stages. Initially, the reaction
between sodium hydroxide with Mn2O3 oxide occurred to produce Na0.55MnO2(birnessite) with
lamellar structure. Continue the hydrothermal process, the material layer grown and separated into
Na0.44MnO2 nanowires. The electrodes made of Na0.44MnO2 nanowires display a good Na-ion
exchange capacity and this process is completely reversible. This result suggests that the electrode
made of Na0.44MnO2 nanowires is a potential candidate for the practical cathode material in the
high power Na-ion battery.
ACKNOWLEGMENT
This work is supported in part by the National Foundation for Science and Technology
Development (Nafosted) under contract No. 103.02.82.09. A part of the work was performed
with the support of the National Key Laboratory for Electronic Materials and Devices, Institute of
Materials Science, Vietnam Academy of Science and Technology, Vietnam.
REFERENCES
[1] A. D. Tevara and J. F. Whitacre, Journal of The Electrochemical Society 157 (2010) A870-A875.
[2] Barpanda Prabeer, Ye Tian, Nishimura Shin-ichi, Chung Sai-Cheong, Yamada Yuki, Okubo Masashi, Zhou
Haoshen, and Yamada Atsuo, Electrochemistry Communications 24 (2012) 116-119.
[3] Chen Zheng, Augustyn Veronica, Jia Xilai, Xiao Qiangfeng, Dunn Bruce, and Lu Yunfeng, ACS Nano 6 (2012)
4319-4327.
[4] F. Sauvage, L. Laffont, J. M. Tarascon, and E. Baudrin, Inorganic Chemistry 46 (2007) 3289-3294.
[5] Hosono Eiji, Saito Tatsuya, Hoshino Junichi, Okubo Masashi, Saito Yoshiyasu, Nishio-Hamane Daisuke, Kudo
Tetsuichi, and Zhou Haoshen, Journal of Power Sources 217 (2012) 43-46.
[6] Kim Donghan, Lee Eungje, Slater Michael, Lu Wenquan, Rood Shawn, and Johnson Christopher S, Electro-
chemistry Communications 18 (2012) 66-69.
[7] M.F.C. Ladd and R.A. Palmer, Plenum Press, New York 3rd ed. ( 1993) 447-483.
[8] Xiaohua Ma, HailongChen, and GerbrandCeder, Journal of The Electrochemical Society 158 (2011) A1307-
A1312.
[9] Y. Cao, L. Xiao, W. Wang, D. Choi, Z. Nie, J. Yu, L.V. Saraf, Z. Yang, and J. Liu, Advanced Materials 23 (2011)
3155-3160.
[10] Y. Li and Y. Wu, Nano Research 2(1) (2009) 54-60.
